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Introduction
A 35-year-old woman with a past medical history of morbid obesity (body mass index, 40 kg/m²), type 2 diabetes mellitus treated with insulin and metformin, hypothyroidism treated with levothyroxine, depression treated with venlafaxine, a cholecystectomy, and an appendectomy presented for elective bariatric surgery. She underwent a Roux-en-Y gastric bypass. On the fifth postoperative day, emergency laparotomy was performed because of signs of localized peritonitis; leakage in the enteroenterostomy was found as well as a partial dehiscence of the gastroenterostomy with diffuse peritonitis. A new gastrogastrostomy was created, the blind loop was connected to an external drain, and the peritoneal cavity was thoroughly washed out. From the peritoneal fluid cultures, Escherichia coli was grown. Further inspections and washouts were planned over the following days.
In the intensive care unit, the patient was sedated and mechanically ventilated, and received hemodynamic support with dopamine. Hyperglycemia was treated with intravenous insulin, following an intensive protocol aiming for glycemia between 80 and 110 mg/dl, 1 using a GEM Premier 3000 blood gas analyzer (Instrumentation Laboratory, Bedford, MA). On the eighth postoperative day, a sudden rise in blood pressure and bigeminy with a pulse rate of 34 beats per minute developed. Dopamine was ceased, but nonetheless, blood pressure increased further to 247/94 mm Hg. Neurological examination revealed no focal signs but fixed and dilated pupils. An acute intracranial process was suspected, and sedation was deepened. Arterial oxygen pressure (P a O 2 ) and arterial carbon dioxide pressure (P a CO 2 ) were within normal limits on an arterial blood gas sample. However, concomitantly, a blood glucose level of 0.0 mg/dl was reported on the blood gas readout but was overlooked by the nurse, not reported to the physician, and thus not acted upon. After reviewing the correct administration of sedative and vasoactive drugs, the patient was taken for an urgent computed tomography (CT) scan of the brain, which was unremarkable. Infusions and medications that were administered around the time of the incident are listed in Table 1 .
Half an hour after performing the scan, profound hypoglycemia (13 mg/dl) was noted for the first time on an arterial blood gas analysis and was promptly treated with administration of 12 g glucose intravenously. The size and shape of the pupils became normal, and responsiveness to light reappeared. Blood pressure and heart rhythm normalized. Because of agitation and spontaneous movements of the legs, sedation was increased. After reviewing the previous arterial blood gas samples, it became apparent that extreme hypoglycemia had been present for several hours. There had been a problem with the pump driver of the total parenteral nutrition, which had not been running continuously. Results and times of the samples taken for glucose measurement are listed in Table 2 , and the glucose trend is depicted in Figure 1 .
The next day, troponin levels increased (18.7 ng/ml). Contractility on echocardiography was slightly decreased in the inferoposterior segment. On day 10, continuous venovenous hemofiltration was commenced for acute renal failure. On day 13, the hemodynamic and renal function improved, and the patient was slowly weaned from sedation. The next day, she obeyed commands. She was extubated on day 16 and returned to the ward on day 20. Fourteen days later, she was discharged home without apparent neurological dysfunction. 
Discussion
The brain relies almost exclusively on glucose for its metabolism, and there are several physiological mechanisms to prevent hypoglycemia. Therefore, significant hypoglycemia in a hospital setting is usually iatrogenic due to exogenous insulin administration. Very low glucose levels, be it a result of failure of neurohormonal defense mechanisms or of glucose-lowering therapy, can cause functional brain failure that can progress from cognitive impairment to aberrant behaviors, seizure, and coma. There seems to be a continuous spectrum with increasing risk of neuronal death at progressively lower glucose concentrations. Brain death is at the most extreme end of the spectrum, occurring solely when hypoglycemia is profound and prolonged. 1 In this case, extreme hypoglycemia had been present and reported on the blood gas readout for at least 2 and probably 3 to 4 h before it was noticed and treated with intravenous glucose (see Table 2 ). A technical problem with the analyzer was unlikely, because there were no abnormal values in the analyses of other patients' samples, and glucose levels returned to normal after treatment. The hypertension and bradycardia can be retrospectively attributed to adrenergic and sympathetic activation and reflexive response, as is seen with the Cushing response. Both sinus tachycardia/bradycardia and ventricular/ atrial ectopy have been described during acute insulininduced hypoglycemia.
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In insulin-deficient diabetes, hypoglycemia is the result of the interplay of therapeutic insulin excess and compromised physiological (defective glucose counter regulation) and behavioral (hypoglycemia unawareness) defenses against falling plasma glucose concentrations due to a complex and not fully understood hypoglycemiaassociated autonomic failure, the key feature of which is a downward shift of the glycemic thresholds for sympathoadrenal activation to lower plasma glucose concentrations. 3 Furthermore, patients who underwent bariatric surgery are at two-to seven-fold increased risk of hypoglycemia, the mechanism of which is unclear but includes increased insulin secretion and decreased insulin resistance. 4, 5 Whether this is true in the acute postoperative setting is not known.
There are a number of plausible explanations for the occurrence of the incident we described. First, there were multiple breaches in protocol compliance: according to the local guideline, after the 16 h 43 min sample, a new analysis should have been performed 1 h later because of the downward trend in glycemia. Furthermore, the extremely low values on the 20 h 20 min and 21 h 08 min samples were thought to be factitious by the nurse and therefore not communicated but should at least have been checked with a plasma sample. Second, there was an obvious technical problem: the total parenteral nutrition had not been running continuously due to dysfunction of the pump driver, while the insulin infusion was not adjusted. In addition, somatostatin, a hormone that variably inhibits the release of several gastrointestinal and pancreatic hormones such as insulin and glucagon, has been established as a risk factor for developing hypoglycemia. 6 Finally, dopamine, by suppressing growth hormone secretion from the pituitary, may have contributed to suppressed counter-regulatory responses to decreasing blood glucose levels. 7 Treating hyperglycemia in a critically ill patient with intravenous insulin guided by an intensive protocol aiming for normal or near-to-normal glycemia increases the risk of hypoglycemia and its consequences. 8 Even mild to moderate hypoglycemia has been independently associated with increased mortality in several post hoc analyses of large prospectively designed trials. [9] [10] [11] However, it remains unproven whether this reflects a causative relationship or a marker of severity of illness, and individual outcome cannot be predicted.
Tight glucose control is a complex intervention not only requiring accurate infusion pumps and standardized blood glucose measurement systems, but also a guideline for the nursing staff who needs to be specifically trained for this intervention and allowed intuitive decision making. 12 It is plausible to assume that current real-life technology and protocols limit the ability to reproduce study results found in the Leuven landmark study.
Our patient made an uneventful recovery. Was she just lucky, or could there be an explanation? Generally, complete recovery from hypoglycemia-induced brain failure is the rule if plasma glucose concentration is raised, while permanent neurological damage is rare. 13 Intensive insulin therapy in critically ill children increased the incidence of hypoglycemia but did not increase levels of circulating S100B and neuron-specific enolase, markers of neurological damage.
14 It also seems that there is a significant individual variability in tolerance of hypoglycemia. The time window for restoring glycemia without neurological sequelae is not clearly established in humans. In studies of insulin-induced hypoglycemia in monkeys, 5 to 6 h of blood glucose concentrations of less than 1.1 mmol/liter were required to provoke neurological damage. 15 Other animal studies suggest that additional influences such as respiratory depression might potentiate hypoglycemia-induced brain injury. In a study comparing brain damage in cats exposed to severe hypoglycemia, respiratory depression, or both, all animals in the group exposed to both hypoglycemia and respiratory depression suffered from brain damage while the animals in the hypoglycemia group with preserved cardiorespiratory functions remained brain intact. 16 The same study showed increased brain injury when hypoglycemia was corrected to hyperglycemia, compared with correction to euglycemia. Without extrapolating these data from animal studies to humans, the fact that our patient has always been adequately ventilated and that there was no overshooting in correcting her hypoglycemia may have contributed to the favorable outcome.
Finally, a protective effect of the sedation may have played a role. Propofol has been shown to reduce cerebral glucose metabolism in both cortical and subcortical areas in healthy subjects. 17 It remains difficult, however, to prove whether this attributed to our patient's recovery.
This case report adds to the ongoing discussion regarding glycemic control in the intensive care unit. A continuous glucose monitoring system with a closed-loop feedback system could possibly have protected our patient from this iatrogenic episode of severe hypoglycemia. Development of such a device that provides frequent, timely, and precise measurements is a challenge, given the heterogeneity and other confounding factors presented by the critically ill population. Ideally, this could then be integrated in a closed-loop system with the insulin infusion pump to act as an acute beta-cell modulator or artificial pancreas, which could help to reduce human errors. 18 One study in critically ill patients showed a strong correlation between glucose levels measured by a subcutaneous continuous glucose monitoring system and arterial blood gas analysis as a reference. 19 A reliable continuous glucose monitoring system could also shed a whole new light on the tight glucose control debate because it would avoid the threat of severe hypoglycemia and imply better control of the prime variable, blood glucose, which has been inadequate in most studies. When one superimposes the recognized differences between the various sources of blood in which glucose is typically measured (capillary versus venous versus arterial), along with the imprecision of current analytical instruments, truly excellent glycemic management in the critically ill remains somewhat illusory. 20 
